Background: Two-dimensional shear wave elastography (2D-SWE) can noninvasively evaluate hepatic elastic modulus as shear wave velocity (SWV). Additionally, it may predict the presence of clinical relevant hepatic fibrosis (≥F2) in dogs with hepatic disease.
tissue, which subsequently leads to distortion of hepatic architecture.
Hepatic fibrosis in dogs usually is caused by chronic hepatobiliary diseases, such as chronic hepatitis and cholangiohepatitis. 1, 2 Progression of hepatic fibrosis involves an increase in the liver elastic modulus and resistance of hepatic blood flow, which consequently result in liver cirrhosis and portal hypertension. In humans with hepatic fibrosis, the stage of hepatic fibrosis and its progression are essential for determination of optimal treatment and prediction of prognosis. 3 Liver biopsy is the gold standard for diagnosing the severity of hepatic fibrosis in dogs and humans. However, the limitations of liver biopsy include the risk of bleeding and anesthesia, invasiveness, and possibility of sampling errors. 4, 5 Hence, noninvasive and easily accessible methods of predicting stages of hepatic fibrosis have been developed in human medicine. Consequently, in human patients with hepatic fibrosis, hyaluronic acid (HA), which is an essential component of the extracellular matrix, is widely used as a direct marker for the assessment of hepatic fibrosis. [6] [7] [8] Similarly, in veterinary medicine, several studies have reported that the blood HA concentration is increased in dogs with hepatic disease. 9, 10 However, another report did not find a positive correlation between serum HA concentration and the stage of hepatic fibrosis in dogs with hepatic disease. 11 Shear wave elastography (SWE) with the use of acoustic radiation force impulses is a newly developed imaging technology that can quantitatively assess the elastic modulus of the tissue by measuring the shear wave propagation speed within the tissue. 12 Shear wave velocity (SWV) in meter per second represents the liver elastic modulus. Many studies in human patients with hepatic fibrosis have indicated that SWV is correlated with the stage of hepatic fibrosis, and SWE is widely applied in the clinical setting to predict the stage of hepatic fibrosis in humans. [13] [14] [15] [16] [17] Recently, we reported that two-dimensional SWE (2D-SWE) is a feasible technique for assessing SWVs in healthy dogs. 18 However, to the best of our knowledge, no reports have evaluated the use of 2D-SWE for the diagnosis of hepatic fibrosis in dogs with spontaneous hepatic disease.
Our aim was to evaluate the usefulness of 2D-SWE for the detection of clinically relevant hepatic fibrosis (≥F2) in dogs with hepatic disease. We hypothesized that SWVs measured by 2D-SWE would be different between dogs without clinically relevant hepatic fibrosis (F0-1) and dogs with clinically relevant hepatic fibrosis (≥F2).
| MATERIALS AND METHODS

| Animals
Our study was a prospective, cross-sectional observational study.
From June 2017 to January 2019, 32 client-owned dogs with histopathologically diagnosed acute or chronic hepatobiliary disease examined at the Hokkaido University Veterinary Teaching Hospital were included. Signalment that consisted of age, breed, sex, and body weight were recorded at the time of recruitment. Laboratory findings, including CBC and serum biochemistry, were extracted from the medical records of all the included dogs. Dogs with congenital portosystemic shunt, rupture of the gallbladder, obstructive jaundice, or hepatic tumors were excluded based on abdominal ultrasound (US) and computed tomography findings. Informed owner's consent was obtained in all cases.
Eight healthy beagles were included in the study: 3 were intact males and 5 were intact females. Their age range was 1-4 years and body weight was 9.7-15 kg. All dogs were confirmed healthy based on physical examination, CBC, serum biochemistry, echocardiography, and abdominal US. All animal experimental procedures were conducted in accordance with the standard operation protocols of the institutional animal experimental committee reviewed by the Association for Assessment and Accreditation of Laboratory Animal Care international (AAALAC International). All animal experiments were approved by the Hokkaido University Veterinary Teaching Hospital.
| Measurement of SWV
In all the dogs, 2D-SWE was performed without sedation using an Aplio 500 ultrasound system (Canon Medical Systems, Otawara, Tochigi) and using a 3.5-MHz convex probe (PVT-375 BT; Canon Medical Systems, Otawara, Tochigi). According to our previous study 18 and the recommended guidelines for the clinical use of elastography in humans, 19 all dogs were positioned in left lateral recumbency for imaging of the right liver lobe. The probe was placed parallel to and within the intercostal space, and sufficient gel was applied to minimize rib shadowing. Liver image acquisition was positioned within the right lobe parenchyma using the intercostal approach under visual control in the 2-dimensional B mode. If gas in the duodenum, colon, or lung hindered imaging of right liver lobe, the probe was positioned more dorsally. Dogs with ascites also were included in the study. Subsequently, 2D-SWE of the liver was performed during the normal end-expiratory phase to minimize the effects of respiratory motion. The reliability of data obtained by 2D-SWE was confirmed by use of the proper propagation mode as described in our previous study ( Figure 1A , C). 18 Data reliability is high when the contour lines are nearly straight and regularly parallel to each other, but when the contour lines are irregularly distorted and chaotic, data reliability is low. Additionally, the speed map (range, 0.5-6.5 m/s) displayed as the SWVs was displayed by gradual colors, with increasing elastic modulus indicated in an ascending order of blue, green, yellow, and red ( Figure 1B The SWVs of all dogs with hepatic disease were measured using 2D-SWE before liver biopsy or euthanasia and necropsy. The measurements of SWVs were performed by a single sonographer (M.T.) to ensure consistent imaging conditions throughout the study. The SWVs of dogs with hepatic disease were compared to those of 8 clinically healthy Beagle dogs; the latter were obtained from our previous study evaluating the feasibility of 2D-SWE. 18 Group. 20 After routine histopathological examination, hepatic fibrosis and necroinflammatory activity were evaluated semiquantitatively according to a histological scoring scheme that was adapted from the Ishak scheme used in human medicine; this procedure was performed by a single pathologist (Y.K.), who was blinded to the SWV variable. 20, 21 In this scoring scheme, hepatic fibrosis is staged as follows: 0: absent, 1: mild, 2: moderate, 3: marked, or 4: very marked. Furthermore, all dogs were divided into the following groups: dogs without clinically relevant hepatic fibrosis (F0-1) and dogs with clinically relevant hepatic fibrosis (≥F2). Necroinflammatory activity was graded as follows: 0: absent, 1: slight, 2: mild, 3: moderate, 4: marked, or 5: very marked. Additionally, all dogs were divided into those without necroinflammatory activity (A0) and those with necroinflammatory activity (≥A1).
| Histopathological examination and scoring of fibrosis or necroinflammation of liver
| Measurement of serum HA concentration
The serum HA concentrations were compared between dogs with and without clinically relevant hepatic fibrosis. Serum samples were obtained from dogs with hepatic disease before surgical laparotomy, laparoscopy, or necropsy and stored at −80 C until HA measurement. Serum HA concentrations were measured using a commercially available enzymelinked immunosorbent assay kit (Hyaluronan ELISA Kit, Echelon Biosciences, Salt Lake City, Utah), which was used for the measurement of serum HA concentration in dogs in a previous study. 11 Absorbance was read at 405 nm using a microplate reader (Benchmark Microplate F I G U R E 1 Representative images of the right lobe of the liver using the intercostal approach for the speed mode in a dog without clinically relevant hepatic fibrosis (F0, A0; A and B) and a dog with clinically relevant hepatic fibrosis (F3, A0; C and D). Images are the proper propagation map (A, C) and the speed map (B, D). Notice the consistent parallel contour lines for the speed modes, and the region of interest (T1, T2, and T3; 10 mm) used for the measurements (circles) Reader; BIO-RAD, Hercules, California). All samples were examined in duplicate, and the mean optical density was calculated. (Table 1 ). Three dogs that had clinically relevant hepatic fibrosis also had mild ascites. that of dogs with clinically relevant hepatic fibrosis is displayed in green in the major parts and blue in minimal parts ( Figure 1D ). Thus, more specific and sensitive methods are needed.
| Statistical analysis
| Laboratory findings and serum HA concentration
| Comparison of SWV among hepatic fibrosis stages
| Comparison of SWV among different amounts of necroinflammatory activity
Elastography is a relatively new US technology that can qualitatively or quantitatively assess the elastic modulus of tissues. There are 2 major categories of elastography techniques introduced in clinical practice: the older strain imaging technique and the newer shear wave imaging technique. 12, 19, 22, 23 Strain imaging is an elastography technique that involves the application of stress to the organ by external compression using an US transducer or internal physiological pulsation, such as heartbeats or respiration. Several studies have reported the feasibility of strain imaging in the liver, spleen, kidneys, and prostate gland of healthy dogs and cats. 24, 25 Furthermore, recent studies have reported the usefulness of strain imaging for differentiating malignant lymph nodes and SC mass lesions from benign lesions. 26, 27 However, a major disadvantage of strain imaging is its inability to quantitatively assess the elastic modulus of the tissues. 12 , and dogs with necroinflammatory activity (≥A1, n = 11). The box extends from 25% to 75% percentile with the median and the whiskers extend to limits of the data assessment of the severity of hepatic fibrosis in humans with chronic hepatitis C. 28 Therefore, we used the 2D-SWE for the assessment of the liver elastic modulus in our study.
In our study, we investigated whether 2D-SWE could differentiate between dogs with clinically relevant hepatic fibrosis (≥F2) and dogs without clinically relevant hepatic fibrosis (F0-1). Consequently, SWVs in dogs with clinically relevant hepatic fibrosis were significantly higher than in dogs without clinically relevant hepatic fibrosis. Similar to findings in human patients, this result indicated that the liver elastic modulus assessed by 2D-SWE in dogs successfully reflected the severity of hepatic fibrosis secondary to hepatic parenchymal disorders such as chronic hepatitis or cholangiohepatitis. However, no significant difference was found between healthy dogs and dogs without clinically relevant hepatic fibrosis, even though all dogs without clinically relevant hepatic fibrosis were clinically diagnosed with hepatic disease and had increased hepatic enzyme activity. In humans, a report indicated that SWVs measured using 2D-SWE overlapped among F0, F1, and the healthy control group. 29 Thus, our results indicated that it is difficult to predict the absence of or mild hepatic fibrosis (F0 or F1 stage) using 2D-SWE in dogs.
On the other hand, no significant difference was found in the SWVs among healthy dogs, dogs with necroinflammatory activity, and dogs without necroinflammatory activity. Accordingly, we presume that the necroinflammatory activity has a much lesser effect on SWVs than does hepatic fibrosis. However, several previous studies in humans have reported that the SWVs would be affected by conditions of severe liver inflammation such as acute hepatitis, and this finding is attributed to the presence of inflammatory cells infiltrates, tissue edema, and hepatocyte swelling in the liver with severe necroinflammatory activity. 30, 31 In our study, the majority of dogs with hepatic disease were graded as having only mild necroinflammatory activity (A0 to A2), and only 1 dog was graded as A3. Thus, it was difficult to determine the effect of necroinflammatory activity on SWV because of the small number of cases. Further studies with a larger sample of dogs with severe necroinflammatory activity are warranted.
We also found that serum albumin and Tchol concentrations were significantly lower in dogs with clinically relevant hepatic fibrosis than in those without clinically relevant hepatic fibrosis, although the concentrations in most dogs with hepatic disease were within reference ranges. In dogs with hepatic disorders, hypoalbuminemia tends to occur when approximately 70% of liver function has been lost. Hypocholesterolemia also could be detected in end-stage hepatic disease in dogs. 32 Conversely, HA was not significantly different between dogs with and without clinically relevant hepatic fibrosis in our study. Hyaluronic acid is a high-molecular-weight glycosaminoglycan primary synthesized by hepatic stellate cells and degraded by sinusoidal endothelial cells. It had been reported to possess high diagnostic accuracy for the noninvasive evaluation of hepatic fibrosis and cirrhosis in human patients. [6] [7] [8] However, in veterinary medicine, only 3 reports have investigated the usefulness of HA in predicting hepatic fibrosis. One report indicated that plasma HA concentration was significantly increased in dogs with cirrhosis, 9 whereas another report indicated that the serum HA concentration correlated with hepatic fibrosis stage. 10 One study, 11 with that of liver biopsy. Additionally, it was impossible to collect biopsy specimens from multiple liver lobes because of the high risk of the bleeding. In the previous study of 70 dogs undergoing necropsy, some histological changes such as hepatic fibrosis were nonuniformly distributed among lobes. 34 Conversely, several previous reports in humans indicated that minimal or no significant differences in hepatic lesion were detected among hepatic lobes. [35] [36] [37] Further studies are needed to elucidate the effect of histopathological variations among liver lobes and the result of SWE measurement. Third, although our study included 3 dogs with mild ascites secondary to clinically relevant hepatic fibrosis, mild ascites did not separate the right liver lobe from the abdominal wall in these 3 dogs. Transient elastography is limited to patients that do not have perihepatic ascites or fluid in the abdomen surrounding the liver and cannot be performed in patients with ascites. On the other hand, the recommended guidelines for the clinical use of elastography in humans indicated that SWE can measure the SWVs of patients with ascites because the US push beam, which generates the shear waves, propagates through fluids and appears not to be influenced by the presence of ascites. 19 Because the influence of ascites on the measurement of SWVs using 2D-SWE is not well understood in veterinary medicine, further studies also are needed to evaluate the influence of ascites on SWVs in dogs.
In conclusion, our prospective preliminary study showed that SWVs measured by 2D-SWE are increased in dogs with clinically relevant hepatic fibrosis compared to dogs without clinically relevant hepatic fibrosis and healthy dogs. These results indicated that 2D-SWE may be a useful method for noninvasively predicting clinically relevant hepatic fibrosis in dogs. Further studies potentially would be able to distinguish different stages of hepatic fibrosis.
